A previously estimated temperature-time path (T -t path) for the Ryoke metamorphism, using 1-D numerical simulation, is characterized by a rapid increase in temperature, 0.0017°C yr−1 on average, and a period of high temperature (>600°C) shorter than 0.5 Myr, which was presumably caused by the intrusion of a granodiorite sheet. Chemical zoning of garnet grains with different radii simulated for the T -t path using a numerical model of continuous nucleation and diffusion-controlled growth, in combination with intracrystalline diffusion, compares well with the observed zoning patterns in garnet grains with different radii. This is in spite of the fact that the simulated zoning patterns vary greatly, depending on subtle differences in the T -t history. Therefore, they suggest that the T -t path gives a good explanation for the LPHT Ryoke metamorphism. Although this study only refers to the Ryoke metamorphism, the technique may be applicable to thermal modelling of other metamorphic terranes.
have been reported from many high-T metamorphic IN T RO DU C TIO N terranes (e.g. Yardley, 1977; Tracy, 1982; Dempster, 1985; Ikeda, 1993a,b) . They have been interpreted to Thermal evolution during metamorphism and associated tectonism has been interpreted in a number of have formed by intracrystalline diffusion (volume diffusion) obliterating the pre-existing chemical zoning metamorphic terranes on the basis of numerical thermal modelling (e.g. Oxburgh & Turcotte, 1971; during metamorphism (e.g. Tracy, 1982; Loomis, 1983; Dempster, 1985; Chakraborty & Ganguly, 1990; Wells, 1980; England & Thompson, 1984; Lux et al., 1986; Wickham & Oxburgh, 1987; De Yoreo et al., Spear, 1991) or by rapid growth of the garnet (Hodges & Silverberg, 1988 ) . Intracrystalline diffusion 1989; Loosveld, 1989; Rothstein & Hoisch, 1994 ) . However, petrological evaluation of the modelling has more effectively relaxes the zoning pattern when a crystal is smaller, metamorphic temperature is higher not been well documented.
Growth zoning occurs as new shells of different and duration of the metamorphism is longer (e.g. Loomis, 1983; Chakraborty & Ganguly, 1990 ; composition are added onto a growing crystal. The compositional differences in the shells arise because of Florence & Spear, 1991) . Preservation of normal zoning in garnet may therefore mean that the growth changing external conditions, such as pressure and temperature. Therefore, it has been considered that was slow enough for the zoning to appear, and that the temperature and/or the duration of the metamorchemical zoning in a metamorphic garnet records the P-T history of metamorphism (e.g. Loomis & Nimick, phism were not high and/or long enough to obliterate the pre-existing zoning by intracrystalline diffusion. 1982; Spear, 1989a,b; Florence & Spear, 1991 . 'Normal' zoning in garnet, involving decrease of Mn Thus, when nucleation and growth mechanisms of garnet crystals are identified, chemical zoning can content from centre to margin, has been interpreted as a result of continuous growth with increasing be used to examine the pressure-temperature-time path (P-T -t path) of metamorphism (Spear, 1989a,b; temperature (e.g. Loomis & Nimick, 1982; Spear, 1988 ) . In contrast, garnet crystals with unzoned cores Chakraborty & Ganguly, 1990; Florence & Spear, 1991 . In this paper, I present chemical zoning profiles in Yanai district, south-western Japan, and compare them E-W-trending Ryoke metamorphic belt is juxtaposed against the E-W-trending high-P Sambagawa metawith numerically simulated zoning patterns. Then the temperature-time path (T -t path) of the low-P Ryoke morphic belt at the Median Tectonic Line (MTL) in south-western Japan. The age of metamorphism in metamorphism proposed by Okudaira et al. (1994) is examined.
both belts is Cretaceous (e.g. Banno & Nakajima, 1992; Nakajima, 1994) . The Yanai district (Fig. 1b) is mainly composed of B A CK G RO U ND granitoids (the Ryoke and Hiroshima granitoids) and associated metamorphic rocks (the Ryoke metamorGeological setting phic rocks) of Middle Cretaceous age (e.g. Nureki, 1960; Okamura, 1960; Higashimoto et al., 1983 ; Hara The Ryoke metamorphic belt (Fig. 1a) , which consists of abundant granitoids and an associated low-P/high Ikeda, 1991 Ikeda, , 1993a Okudaira et al. 1993; Nakajima, 1994 ) . The granitoids have been divided T (LPHT) type metamorphic complex, is a typical low-P metamorphic belt (e.g. Miyashiro, 1961) . The into two categories ( Fig. 1b) : sheet-like granitoids (the Geological and metamorphic zonation map of the Yanai district, south-western Japan. 1, alluvium; 2, Tertiary volcanics; 3, Hiroshima granitoid; 4, Younger Ryoke granitoid; 5, Older Ryoke granitoid; 6, agmatic migmatite zone; 7-10, Ryoke metamorphic rocks (7 biotite zone, 8 cordierite zone, 9 sillimanite zone, 10 garnet zone.)
Older Ryoke granitoids) and stock-like granitoids (the Younger Ryoke and Hiroshima granitoids) by Higashimoto et al. (1983 ) , Hara et al. (1991 ) and Okudaira et al. (1993 ) . Because their mineralogical and chemical features are those of metaluminous I-type granitoids, they are believed to be derived from the lower crust and upper mantle, rather than having been generated in situ in the middle crust (e.g. Honma, 1974; Kagami et al., 1992) . Following Okudaira et al. (1993 Okudaira et al. ( , 1995 , the Ryoke metamorphic rocks are divided into four M1 metamorphic zones (Fig. 1b) : biotite zone, cordierite zone (460-590°C, 2.5-3.5 kbar), sillimanite zone (630-690°C, 3.0-5.0 kbar) and garnet zone (730-770°C, 5.5-6.5 kbar). Some residual minerals, such as corundum, sillimanite, garnet and Zn-rich hercynite, (Okudaira et al., 1994) . been inferred to be evidence of pre-M1 metamorphism (M0) (Okudaira et al., 1993) . After M1, the stocklike granitoids intruded and locally metamorphosed volume (about 4 cm3) of metapelite from the sillimanite zone (Fig. 1b) . The rock was heated in air to 700°C the surrounding rocks (M2 ) in the north of the area (Fig. 1b) . Because there is no evidence of M0 and M2
for 60 min, quenched in water and pressed in a vice. Garnet crystals were separated from other minerals in the analysed sample from the sillimanite zone, M0 and M2 are not discussed in the following sections. using tweezers. Approximately 80-90% of the garnet crystals could be extracted without breaking. Idioblastic crystals were mounted in resin. The mount Estimated T-t path was ground down and polished until the crystal diameter seen in the petrographic microscope was M1 metamorphism has a strong temporal and spatial correlation with emplacement of the Older Ryoke equal to that seen in the reflecting microscope. By this procedure, a good polished section of garnet through granitoid, as indicated by the following evidence. (1 ) The distribution of the granitoid correlates with that its centre was obtained. Separated garnet crystals were analysed using an of the sillimanite and garnet zones. (2) Throughout the high-grade metamorphic zones, distinct contact electron-probe microanalyser (JEOL, JCMA-733II) at Hiroshima University, operating at an accelerating aureoles caused by the intrusion of the granitoid are lacking. Yamaguchi, 1976; Higashimoto et al., 1983; Banno & Nakajima, 1992; Nakajima et al., 1993; Nakajima, The studied metapelite of the sillimanite zone (Fig. 1b) is composed of alternating, mica-rich and mica-poor 1994; Suzuki et al., 1994 ) . These relationships suggest that M1 resulted from the intrusion of the Older layers (a few millimetres thick). Quartz, plagioclase, K-feldspar, biotite, sillimanite, garnet and cordierite Ryoke granitoid (Okudaira et al., 1993 (Okudaira et al., , 1994 , and a probable T -t path for M1 was proposed by Okudaira are present, though cordierite is rare and does not coexist with garnet. Graphite, ilmenite, apatite, zircon et al. (1994) , based on a 1-D numerical simulation ( Fig. 2 ; Appendix). The T -t paths of rocks that reached and tourmaline occur as minor minerals. A typical mineral assemblage in the zone is shown on the sillimanite zone are characterized by a rapid increase in temperature, 0.0017°C yr−1 on average, Thompson's (1957) A∞FM diagram in Fig. 3 . Garnet crystals in the metapelite are idioblastic or and a period of high temperature (>600°C) shorter than 0.5 Myr. According to the model, the peak subidioblastic ( Fig. 4a,d ), although some large crystals are xenoblastic where they grew together (Fig. 4b,c) . temperature (670°C) was attained 0.1 Myr after the intrusion of the Older Ryoke granitoid. Since the Garnet crystals smaller than c. 0.5 mm in radius are concentrated in mica-poor layers, whereas garnet thermal relaxation was fast, the geotherm recovered to a nearly steady state after c. 5 Myr.
crystals larger than c. 0.5 mm in radius are sparsely dispersed in mica-rich layers. Almost all the garnet crystals show textural zoning, which consists of E X P ER I ME N TA L P R OC E DU R E inclusion-rich core and inclusion-poor rim (Fig. 4 ) . The inclusions, which are mostly xenoblastic quartz Garnet crystals were separated following the methods of Kretz (1973) and Banno et al. (1986 ) from a small and a very small amount of graphite, ilmenite and boundary between the inclusion-rich core and inclusion-poor rim is commonly parallel to the faces of the garnet crystal (Fig. 4c ). There is no relationship between the textural and chemical zonings.
Representative chemical compositions of the garnet are presented in Table 1 . The chemical zoning profiles of molar fractions of almandine (X Fe ), spessartine (X Mn ), pyrope (X Mg ), and grossular (X Ca ) in metapelitic garnet grains with radii between 0.1 and 0.8 mm at c. 0.1-mm intervals are shown in Fig. 5 . These profiles were measured from the geometrical centre to the outermost margin. The garnet was regarded as lacking chemical zoning where variation in spessartine content was <1 mol% within a single grain, except for the reversely zoned part.
With regard to the profiles of spessartine (X Mn ), important features in Fig. 5 are as follows. and reversely zoned patterns in their cores occur together in the metapelitic unit. biotite, show no distinct alignment and do not show evidence of rotation, which indicates static crystalliz-2 Sample A (radius: r=0.10 mm) is reversely zoned from the centre to outermost margin (Fig. 5a ). ation of the garnet (e.g. Spry, 1969; Barker, 1990 ). The Fig. 5d-g ).
NU C LE ATIO N A ND GR O WT H M EC H AN IS MS OF 5 Sample H (r=0.80 mm) does not show an X
Mn GA R NE T maximum at its centre ( Fig. 5h ), but shows multiple peaks of X Mn , as reported by Ikeda (1993a,b) . Nucleation and growth mechanisms of crystals are reflected in textural features, such as spatial and size 6 The width of the reversely zoned part in garnet grains with radii smaller than 0.70 mm is #0.1 mm, distributions, which are recorded in the rock at the end of the crystallization episode (e.g. Kerrick et al., whereas that of reversely zoned parts in grains of 0.70 and 0.80 mm in radius is c. 0.2 mm. 1991). The crystal size distribution (CSD) plot (Cashman & Ferry, 1988 ) for garnet in the metapelite The molar fraction of spessartine (X Mn ) at the centre of garnet grains (solid squares in Fig. 6 ) continuously is shown in Fig. 7 . This plot was made by the following procedures. Using an optical microscope with a increases with an increase in radius, except for the larger (r>0.5 mm) grains, in which the X Mn varies greatly. Since micrometer, I measured the size of all the garnet grains (n=504) in two thin sections (total measured area the X Mn in the larger (r>0.5 mm) grains is more variable, the zoning profiles for the larger grains shown in 14 cm2) from the same metapelite for which the chemical zoning in garnet was studied. Following Fig. 5 (f-h) are not representative of their grain sizes. In also indicates that garnet continuously nucleated and grew during the prograde metamorphism, because X Mn at the centre of garnet grains is inferred to reflect the P-T conditions at the time of nucleation (e.g. Loomis & Nimick, 1982; Spear, 1989a,b; Carlson, 1989 Carlson, , 1991 . In other words, it is unlikely that the garnet of the intermediate size classes grew during multiple crystallization events.
The deviation of population densities of the larger and smallest size classes from the slope in Fig. 7 could indicate that growth of the garnet for these size classes was not governed by the same nucleation and growth mechanisms (or rates) as for crystals of the intermediate size classes (Cashman & Ferry, 1988; Kerrick et al., 1991) . This could be inferred from the fact that the nucleation density of garnet grains (r≤0.5 mm) in the mica-poor layers is much higher than that of garnet grains (r>0.5 mm) in the mica-rich layers. A difference in nucleation density could lead to a difference in growth rate (e.g. Carlson, 1989 Carlson, , 1991 . The presence of multiple peaks of X Mn ( Fig. 5h ) and of multiple (r>0.5 mm) suggests that these larger grains may have resulted from impingement of more than two crystals followed by overgrowth (Toriumi, 1986; Ikeda, 1993a) . In contrast, a decrease in the number of garnet grains in the smallest size class may be interpreted as a result of suppression of nucleation in diffusion domains during diffusion-influenced nucleation and diffusioncontrolled growth (Carlson, 1989 (Carlson, , 1991 , or a consumption of them due to Ostwald ripening after crystal growth at constant rate (Cashman & Ferry, 1988) . However, even if the decrease resulted from Ostwald ripening, the effects of later modification may have been minor, considering a small departure of the population density from the slope in Fig. 7 . Most of the garnet crystals are preferentially distributed within the mica-poor layers, possibly because they were produced by consumption of reactants such as biotite. Most of the garnet grains have diffusion (depletion) haloes (Fig. 4 ) formed possibly because later nucleation was suppressed in the vicinity of nuclei, which suggests diffusion-controlled growth of the garnet (Fisher, 1978; Ridley & Thompson, 1986; Cashman & Ferry (1988) and Morishita (1992) , the number of garnet grains per size class and unit area Carlson, 1989 Carlson, , 1991 . In summary, the observations suggest that the garnet (N a ) is expressed by N a =c/(a DL ), where c, a and DL are the number of garnet crystals within the size class, grains of intermediate sizes (c. 0.1≤r≤c. 0.5 mm) have been formed by continuous nucleation and diffusionmeasured area and size class (0.06 mm in this study), respectively. The number of crystals per size class and controlled growth, whereas the smaller (<c. 0.1 mm) and larger (>c. 0.5 mm) crystals, the population per unit volume (N v ) is represented by N v =(c/a)1.5/DL (Cashman & Ferry, 1988; Morishita, 1992) . In Fig. 7 , densities of which deviate from the slope in Fig. 7 , have crystallized by different mechanisms or rates. For the CSD plot shows that crystals of the intermediate size classes, from 0.12 to 0.48 mm (solid circles), fit a simplicity, the following analyses are concerned only with crystals of intermediate size (0.1≤r≤0.5 mm). line with a slope of 5.68×10−3 cm (solid line). The linear crystal size distribution suggests that the crystals continuously nucleated and grew (Cashman & Ferry, Carlson, 1989; Kerrick et al., 1991) . The continuous increase in X Mn at the centre of garnet Through numerical analysis, chemical zoning in garnet grains with different radii developed during the grains with radius between 0.1 and 0.5 mm (Fig. 6 ) evolution of M1 metamorphism will be simulated surface was in equilibrium with adjacent minerals and the composition of the surface was a function of along the T -t path proposed by Okudaira et al. (1994) , as shown in Fig. 2 and the Appendix. The simulated temperature until the metamorphic temperature decreased below the closure temperature for cation and observed zoning patterns in garnet grains with different radii from the sillimanite zone will be exchange; (8) after the temperature fell below the closure temperature, intracrystalline diffusion occurred, compared, in order to evaluate the validity of the proposed T -t path for M1.
NU M ER I C AL AN A LY S IS
being constrained by mass balance within the garnet; and (9 ) the shapes of garnet crystals are taken as approximately isotropic spheres to simplify the anaAnalytical model
lysis. An explicit finite-difference method with a 1×10−5-m array spacing and a 3.15×107-s time step Growth zoning in regionally metamorphosed garnet is produced by continuous net transfer and exchange was used for the numerical simulation. reactions driven by changes in P-T conditions (e.g. Loomis & Nimick, 1982; Spear, 1988) . If the rate of Composition of garnet surface prograde reactions is assumed to be sufficiently rapid compared with the rate of change in P-T , local If Tschermak's exchange is ignored, only four independent continuous reactions may operate in the assemequilibrium between the surface of the garnet crystal and matrix is inferred to be maintained throughout blage quartz+plagioclase+K-feldspar+biotite+silli-manite+garnet in the SiO 2 -Al 2 O 3 -FeO-MgO-MnOmetamorphism (Walther & Wood, 1984; Spear, 1988 ) , i.e. components move freely across grain boundaries CaO-Na (Spear, 1989a,b) , namely between garnet and matrix. As mentioned above, textural observations suggest that the garnet grains of 
rate of prograde reactions is inferred to have been much faster than that of intergranular diffusion, because the growth rate of metamorphic minerals is Ca
+ SiO 2 (quartz) controlled by the slowest rate-limiting process (Fisher, 1978 ) . Consequently, for diffusion-controlled growth, I =3CaAl 2 Si 2 O 8 , (anorthite) (3) consider that the rate of intergranular diffusion would be slower than that of prograde metamorphic reactions, although it is rapid enough to justify the boundary conditions on the surface of garnet.
KFe
+ 2SiO 2 (quartz) Garnet crystals are grown by net transfer reactions only during the prograde stage, but are never consumed
by retrograde net transfer reactions unless an exotic fluid infiltrates the rock. In contrast, cation exchange reactions at the surface of garnet occur during prograde and retrograde stages, and continue until the metamorIn general, the manganese component is more concenphic temperature decreases below the closure temperatrated in garnet than in most coexisting minerals, the ture for cation exchange (Spear, 1989b; Yardley, 1989 ) .
ratio Mn/(Mn+Fe) decreasing in the order Retrograde resorption caused by hydration reactions garnet>ilmenite&cordierite>biotite (e.g. Pownceby has been inferred to explain reverse zoning in garnet et al., 1987 ) . Garnet may stably coexist with ilmenite (e.g. Tracy, 1982 ) . However, because the garnet crystals (FeTiO 3 ), which commonly forms a solid solution with separated from the metapelite unit are idioblastic and pyrophanite (MnTiO 3 ). This suggests the possibility of the decrease in the number of the garnet crystals of Fe-Mn partitioning between garnet and ilmenite, the smallest size class is small (see Fig. 7 ), these according to the following exchange reaction: observations suggest that retrograde resorption of the garnet was minor.
Fe
+ 3MnTiO 3 (pyrophanite) Basic assumptions employed in the analysis are: (1 ) the garnet statically formed during M1 metamorphism only; (2 ) nucleation and growth occurred only during =Mn 3 Al 2 Si 3 O 12 (spessartine) +3FeTiO 3 , (ilmenite) (5) the prograde metamorphic stage; (3 ) the maximum radius of grains crystallized by continuous nucleation and growth is 0.5 mm; (4) growth of the garnets was and this partitioning strongly depends on temperature (Pownceby et al., 1987) . governed by diffusion-controlled growth; (5) intracrystalline diffusion in the garnet occurred during and From Spear (1988) , a difference in the composition (DX Mn ) of garnet grown by continuous reactions (Eqs after the crystallization; (6 ) after the thermal peak, the grain size of the garnet did not change; (7) the garnet 1-5 ) may be computed for a difference in temperature (DT ) and pressure (DP ) by the relationship those adopted by Kretz (1974 ) and Carlson (1989 ) . In the above mentioned mineral assemblage, garnet
can be grown by the reaction biotite+sillimanite+ quartz=garnet+K-feldspar+H 2 O, at a temperature Because changes in spessartine component only slightly above the breakdown of muscovite+quartz (Spear, reflect changes in pressure (Spear, 1989b ) and the 1989a). Provided that the largest grain radius attaingarnet grains are assumed to have crystallized statiable by diffusion-controlled growth is 0.5 mm during cally, the second term on the right-hand side of Eq. the increase from the breakdown temperature of (6 ) can be neglected. Therefore, the composition of the muscovite+quartz (600°C) to the highest temperature surface of the garnet is expected to be a function only (670°C), the growth constant k 2 is obtained as of temperature, and the above equation can be 6.29×10−8 m s−0.5. The value of the growth constant rewritten for a certain finite temperature interval as is fixed for other garnet grains with different radii. Figure 8 ( b) shows the radius vs. time curves nucleated at different times during the prograde T -t path where T and C are temperature (K) and constant, (Fig. 8a) . The average growth rate ranges from respectively. (dX Mn /dT ) and C are assumed to be 5.1×10−6 to 2.9×10−5 mm yr−1. The growth rate is −1.0×10−3 and 1.095, respectively, to fit the highest comparable with the estimated one (1.3×10−6-1.9× and lowest values of X Mn simulated for 0.5-mm garnet 10−5 mm yr−1), based on dating of a zoned garnet after 2 Myr of the system's evolution to those of the grain from Pigeon Island, Newfoundland, which probobserved one. These values correspond with those ably crystallized by diffusion-controlled growth ( Vance calculated by the Gibbs method by Spear (1989a) for & O' Nions, 1990) . metamorphic temperatures at which the assemblage garnet+biotite+sillimanite+K-feldspar+quartz+pla-gioclase is stable, as at Fall Mountain, New Hampshire.
Diffusion-controlled growth
A rate of growth controlled by intergranular diffusion has an exponential dependence upon temperature (Ridley & Thompson, 1986; Carlson, 1989; Kerrick et al. 1991) . When the ith crystal nucleates at time t i , its radius r as a function of time t is given by the following general form of the diffusion-controlled growth law (Christian, 1975; Carlson, 1989) :
where D e and k 1 are an effective diffusion coefficient for intergranular diffusion and a dimensionless constant, respectively. According to Carlson (1989) , the effective diffusion coefficient D e at T for intergranular diffusion is written as an Arrhenius type equation:
where D 2 is the value of the diffusion coefficient at infinite T , which is assumed to be constant, and E a , R and T are the activation energies for intergranular diffusion, gas constant and temperature (K), respectively. Substituting (9) into (8) gives =0.0865 Myr) and 0.1 mm (t i =0.0966 Myr), respectively, corresponding to the T -t path of (a) using where growth constant k 2 is k 1 √(D 2 ), and E a is taken
Eq. (10). Nucleation of garnet crystals is continuous from the to be 8.37×104 J mol−1 (Fisher, 1978) . The growth temperature of the breakdown of muscovite+quartz (600°C) constant k 2 has not previously been estimated by to the highest temperature (670°C), and growth of the garnet experimental studies. Here, the value of k 2 is assumed grains is governed by a diffusion-controlled growth law during the above temperature range.
by using the following method, which is similar to
Intracrystalline diffusion
For intracrystalline diffusion in garnet, it is appropriate to apply the model for diffusion in a sphere (Crank, 1975 ) . A fundamental equation to be solved is
with boundary conditions as ∂X ∂x =0 at the centre of a sphere , X=f (T ) at the outermost margin of a sphere , where X, t, D and x represent concentration of the The garnet is treated as an almandine-spessartine solid solution in the following analyses, because the grain size of the garnet after the thermal peak does not garnet grains have high (Fe+Mn)/( Fe+Mn+Mg+ change. The X Mn of the outermost margin of the garnet Ca) ratios, 0.86-0.90 (Table 1 ) , and complementary is calculated by using Eq. (7) until the metamorphic zoning profiles of spessartine and almandine with temperature decreases to 600°C, which is assumed to be relatively small change in pyrope and grossular (Fig. 5) .
the closure temperature for the retrograde exchange Therefore, the diffusional relaxation of the pattern can reactions. Even after the temperature is decreased below be considered to involve essentially Fe-Mn exchange the closure temperature, intracrystalline diffusion in the (Elphick et al., 1985; Loomis et al., 1985 ; Chakraborty garnet occurs until 2 Myr, being constrained by mass & Ganguly, 1992), and the diffusion coefficient of the balance within the garnet. There is no change in X Mn of multicomponent system can be treated as that of a any crystals after 2 Myr, because the intracrystalline binary (Fe-Mn) system. diffusion coefficient is very small below the temperature According to Loomis et al. (1985 ) and Chakraborty established at 2 Myr (=520°C). & Ganguly (1992), the diffusion coefficient in all ideal binary ionic solutions can be written as Figure 10 shows simulated zoning profiles of X Mn in garnet grains of different radii (0.1, 0.2, 0.3, 0.4 and where D* 1 and D* 2 represent tracer diffusion co-0.5 mm) when growth is complete (thin solid lines) and efficients of the components 1 and 2, respectively, and those after 2 Myr has elapsed after the intrusion (thick X 1 and X 2 (=1-X 1 ) are the concentrations of composolid lines). Important results shown in Fig. 10 are: (1 ) nents 1 and 2, respectively. In this study, the tracer the smallest grain (0.1 mm in radius) shows reverse diffusion coefficients of Fe and Mn are expressed as zoning from the centre to the outermost margin follows (Chakraborty & Ganguly, 1990 : (Fig. 10a) ; (2) 
Analytical results
core and reversely zoned rim (Fig. 10e) , and the difference between the highest and lowest X Mn is c. where P is pressure in bar, and is taken to be 4 kbar. Figure 9 is a schematic diagram of the changing 5.96 mol%; and (4) the widths of the reversely zoned parts of all the crystals with different radii vary from chemical zoning during and after growth of the garnet. As mentioned above, the garnet is grown by using Eq. 0.07 to 0.1 mm.
Comparison between the zoning profiles at the end (10), as shown in Fig. 8(b) , and the composition at the surface of the garnet is calculated by using Eq. (7). of growth and those at 2 Myr shows that the unzoned core of smaller garnet grains ( Fig. 10b-d ) does not Because intracrystalline diffusion operates during and after garnet growth, the molar fraction of spessartine at really cause diffusional homogenization, but reflects very small reaction progress (=DX Mn ) in the later the centre of the garnet decreases with the system's evolution. The growth of garnet finishes after 0.1 Myr formed garnets. That is, the smaller garnet grains have unzoned cores because the very small difference in X Mn when the metamorphic temperature is highest, and the resulted from very small change in temperature during DIS C US S I ON their growth. In contrast, the preservation of a distinct normal zoning of X Mn in the garnet grain of 0.5 mm Figure 11 shows comparisons between the chemical zoning of the observed garnet grains (0.10, 0.20, 0.32, radius (Fig. 10e) results from a relatively large change in temperature during the growth period. The tempera-0.44 and 0.50 mm in radius) in Fig. 5 and the patterns simulated at 2 Myr in the system's evolution. It ture interval (DT ) during the growth of the 0.5-mm garnet is c. 70°C, although the DT during the growth indicates that the observed zoning profiles are well reproduced by the numerical model with a difference of the garnet grains smaller than 0.40 mm in radius is smaller than c. 10°C (see Fig. 8 ). These results suggest of less than 1 mol%, except for the largest grain. In the middle part of the largest grain, the values of the that the zoning patterns in the cores of all the garnet grains reflect the prograde T -t history, although the simulated X Mn are lower than those of the observed one, with a maximum difference of c. 1.7 mol% zoning patterns at the rims of all the garnet grains and near the centre of the largest garnet grain are modified (Fig. 11e) . The difference between the observed and simulated zoning patterns in the garnet may have by intracrystalline diffusional relaxation, because of relatively large difference in X Mn within a relatively resulted from differences between the actual and proposed T -t paths. According to Okudaira et al. short distance. (1993 ) , the highest temperature for rocks in the (thin solid line) calculated for the modified path. In this calculation, the same assumptions are employed sillimanite zone could have ranged between 630 and 690°C. It is therefore necessary to examine possible as those of the previous ones, except for the values of k 2 and t i . As shown in Fig. 12( b) , the observed zoning variations in the zoning patterns for a range of T -t paths. To examine the variation of garnet zoning, pattern for the 0.5-mm-radius garnet grain (thin solid line with open squares) falls between the profiles temperatures of different T -t paths are taken to be proportional to those of the previously simulated one calculated for the modified T -t path and for the previously estimated one. This result indicates that the (Fig. 2 ) . Hence, temperatures of the different path to be examined here are given by difference in the peak temperature between the numerically simulated T -t path and the actual T -t path was
probably less than 20°C. Furthermore, the maximum difference between the observed and simulated X Mn where T 0 and T 1 represent the temperature (K) of the previously estimated path (Fig. 2 ) and that of the occurs in the middle part of the garnet grain, which may suggest that the temperatures of the actual T -t modified one, respectively, and f is a scaling factor. Figure 12 (a) shows the modified T -t path (thin solid path are lower than those of the proposed one at the early to middle stages (c. 0.02-0.06 Myr) of the line) between 0 and 2 Myr with f of −0.12, which corresponds to a 20°C decrease in the thermal peak prograde metamorphism. As mentioned above, the observed X Mn at the centre from the previously estimated one (thick solid line). Figure 12 (b) represents the modified zoning profile of of garnet grains ranging from c. 0.1 to 0.4 mm in radius (solid squares in Fig. 13 ) increases slightly with grain X Mn in the simulated garnet grain of 0.5 mm radius size, although the X Mn value of garnet grains with similar grain size varies by c. 1 mol%. In contrast, for the grains with a radius greater than c. 0.4 mm, the increase of the X Mn values with grain size is abrupt. Such a sharp increase has been reported by Kretz (1973) for a garnet-biotite-cordierite schist near Yellowknife, Canada. The X Mn at the centre of the simulated garnet grains (solid line in Fig. 13 ) also slightly changes for the sizes between c. 0.1 and 0.4 mm, and abruptly increases for the sizes greater than c. 0.4 mm. Overall, the values of X Mn at the centre of the simulated garnet grains are comparable with those of the observed ones, and the difference is less than about 1 mol%, which corresponds to a difference in temperature of c. 10°C calculated by using Eq. (7). In the thanked for the editorial handling of the manuscript.
